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The measurement of the solar radiation attenuation is one of the main challenges in concentrating solar power
technologies. This work presents a new strategy for this measurement, based on the analysis of the VIS and IR
spectra, and its related system. The optical design of the system and its implementation in a central receiver solar
power plant is described, and the experimental results are detailed. We present, to the best of our knowledge, the
first measurements of the atmospheric attenuation spectrum in a solar power plant. This system provides direct
measurements of real atmospheric attenuation values, which opens the way to analyze the impact of aerosols and

meteorological conditions at surface level in this attenuation.

1. Introduction

There are many parameters that directly impact the electrical power
generation efficiency of central receiver concentrating solar power (CR-
CSP) plants (Fernandez-Peruchena et al., 2018). The attenuation of the
atmosphere at the solar plant level is one of them, and is still an open
field of study. The atmospheric attenuation of solar rays reflected by the
collector elements on their path towards the receiver element is due to
the phenomena of scattering (or diffusion) and absorption of light when
it travels through the atmosphere at the terrestrial level. Both the scat-
tering and the energy absorption phenomenon are due to interaction
with aerosol particles suspended in the atmosphere, as well as gases
dissolved therein (Polo et al., 2016). This attenuation is a function of the
type and number of air molecules and particles in the path of the solar
rays.

Different approaches to infer the value of the atmospheric attenua-
tion in solar plants have been tested (Hanrieder et al., 2017). Most of
them use measurements combined with atmospheric and radiative
models to estimate the attenuation (Ali Rahoma and Hassan, 2012;
Hanrieder et al., 2016; Shaw et al., 1973; Wen and Yeh, 2010). Other
published techniques are based on the measurement of the light power

* Corresponding author.

difference between different locations of the plant, for example by using
pyrheliometers measuring direct radiation from the sun and reflected by
the heliostats at different positions (Tahboub et al., 2012), or by using
digital cameras taking simultaneous photographs of a screen at different
distances (Ballestrin et al., 2019, 2018). These setups rely on direct
measurements, but they can also show major uncertainties. In the case of
pyrheliometers, due to their precision and the uncertainty in the ge-
ometry of the heliostat and the ray tracing employed. In the case of
digital cameras, CCD sensors integrate all the visible spectrum and
report a single averaged value, but the IR range is not considered and the
solar weighted attenuation (average attenuation calculated from the
attenuation at each wavelength and weighted using a standard solar
spectrum) cannot be calculated.

In this paper, we present a new measurement strategy - and its
related system - to measure the atmospheric attenuation in solar plants.
It is based on the measurement of VIS and IR spectra of the sun radiation
reflected by a white diffuser screen at two suitable locations of the plant.
The system uses optical telescopes to collect enough radiation for high
wavelength resolution and intensity accuracy over the measured spec-
trum. Since the VIS and IR spectra are measured, the system reports both
the atmospheric attenuation at each wavelength in the solar optical
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range and the solar-weighted attenuation of the plant. This is achieved
without inaccuracies due to wavelength dependencies of the contribu-
tions to the measurement (Ineichen, 2008; Molineaux and Ineichen,
1996), such as the different atmospheric attenuation sources or the
diffused light background existing in the plant.

Moreover, the data obtained allows us to analyze the different ori-
gins of atmospheric attenuation, as the resolution in wavelength is
enough to resolve absorption bands of different compounds, such as
water, and the subtler wavelength dependency of the attenuation due to
suspended particles for different weather conditions. From this analysis,
an accurate model to calculate the atmospheric attenuation for any
heliostat of the plant can be implemented (Marzo et al., 2021; Mishra
etal., 2020), and hence the global solar energy reaching the receptor can
be predicted (Ballestrin and Marzo, 2012).

The system has been set up and tested at PS10, a commercial solar
thermal power plant, with central receiver system at Sanlicar la Mayor
(Seville, Spain) owned by Atlantica Sustainable Infrastructure Plc (Sol-
nova Solar Power Plant). In this paper, we present the first results ob-
tained as a test of its performance. To the best of our knowledge, this is
the first time that a solar-weighted attenuation for an operating com-
mercial solar plant, calculated from the atmospheric attenuation at each
wavelength in the solar optical range, is reported in the literature.

2. System descripction

The system is based on a white diffuser screen that reflects the ra-
diation from the sun and two optical devices to measure the spectrum of
that reflected radiation. One of the devices (Near) is located at a short
distance from the screen to obtain a reference measurement. The other
one (Far) is located at a larger distance (ideally around 1 km). The ratio
between the spectra measured by the two devices provides the attenu-
ation spectrum of the atmosphere in the distance between the two lo-
cations. The light background level for both devices is accounted for in a
measurement using a black screen.

The system has been installed in the PS10 CR-CSP plant, and its basic
diagram is shown in Fig. 1. Both diffuser screens are located at the end of
the plant and south oriented, just behind the last line of heliostats. The
reference or Near device is located at a 50 m distance from it, whereas
the other is located at middle height level (31 m) at the Atlantica solar
tower, both north oriented and protected from weather conditions. The
devices have 4G data connection for real time control and data report.
The main control unit is integrated in the device placed at the tower and
can also be connected to a remote PC for control or measurement
analysis. Measurements can be taken every 120 s. Some images of the
different elements of the system at the solar plant are shown in Fig. 2.

The dimensions of the diffuser screen, Fig. 2.(A) should be large
enough to fill the field of view of the devices, 2 m x 2 m in our setup. All
the elements are properly fixed to the ground to resist extreme weather
conditions and the area is signposted for security.

The devices, Fig. 2(B) and (C), comprise three main parts as depicted
in Fig. 3: capture optics, detection module and control module. The
capture optics include a telescope, an eyepiece and a diaphragm. The
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Fig. 1. Basic diagram of the system installed in the operating solar plant.
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telescope is based on a Cassegrain reflector design (Optics, 2000), and it
provides a large capture area in the optics, which assures that enough
radiation intensity is available in the system to accurately measure the
spectrum in the detection module.

The field of view, limited by both the focal length of the telescope
and the diaphragm, is 2 mrad for the Far device and 6 mrad for the Near
device. These values are adjusted to ensure that the white/black screen
fills the field of view of the system, including possible deviations of the
beams outside and inside the equipment over long periods of time due to
changes in air refraction caused by temperature, expansion and
compression of mechanical components or vibration effects among
others. Since it is a very important feature of the system, a visual control
in real time is required. This control is included in the detection module
by a CCD camera as described below. After the diaphragm, the eyepiece
collimates the radiation captured by the telescope optics and directs it to
the detection module. Note, as discussed later, that the optics not only
captures the radiation reflected from the screen, but also the background
diffuse light in the beam path.

The detection module comprises two wavelength independent beam
splitters. The first one has a 10/90 splitting ratio, to direct a small
fraction of the captured radiation to a CCD camera. This camera includes
a basic optical system focused on the diaphragm for real time control of
the alignment of the device to the screen. The remaining 90% power is
used in the measurement. A second 50/50 beam splitter directs the light
to the two array spectrometers, one in the VIS range and the other in the
near IR range. The two spectrometers and the camera are controlled via
USB by the control module.

Array spectrometers suffer from two well-known drawbacks: tem-
perature dependence and nonlinear response to radiation intensity
(Brady, 2008). The electrical currents generated by the array sensors
change with temperature, resulting in uncertainty in the measured
signal. Parameters like baseline drift, dark current, dark noise and
responsivity among others are very sensitive to temperature (D’Amato
et al., 2007). Although their values should be stable for each tempera-
ture and can be calibrated, we have found preferable to include a cooling
stage to maintain the four spectrometers at a constant temperature of
27 °C and so avoid any temperature dependence. The background levels
of the electrical currents generated by each spectrometer in the condi-
tion of no incident radiation at 27 °C are measured and later discounted.

The second problem is that the reported counts per second are not
linear with the integration time (Smith, 2007). When high accuracy
measurements are required, it is necessary to correct this nonlinearity.
Thus, a linearity calibration process was performed in the laboratory by
measuring the response of each pixel to a constant light source while
integration times were changed, at a working temperature of 27 °C. The
obtained data was stored in a 3D linearity matrix (wavelength, inte-
gration time and counts) which is used to correct and linearize future
measurements.

Having all of these considerations in mind, uncertainties in the
attenuation at each wavelength lower than absolute 1% can be achieved
for different sunlight intensity levels and longtime intervals. The
wavelength range of the system is 400-1630 nm with a resolution of 5
nm below 900 nm and 10 nm over 900 nm. No temperature dependence
has been observed in the 10-45 °C range.

Before its installation, the system was calibrated. The Near and Far
devices are placed at the same short distance from the white screen, so
that the same radiation intensity at each wavelength reaches both of
them. The ratio of their measured spectra at each wavelength, K(4),
determines the calibration ratio of their relative measured signals. Note
that the intensity measured by the Far device will not vary with the
distance to the screen as long as that screen fills its field of view, so the
calibration ratio K(4) remains valid when this device is installed in its
final location in the tower. Once the system was installed, the value of
the ratio K(1) between the intensity values measured by each device was
checked each month using a white screen placed before them, reporting
variations under 0.5%.
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Fig. 2. Images of the elements at the PS10 solar tower power plant. (A) White diffuser screen. (B) Far measurement device placed in the tower. (C) Near mea-

surement device located at ground level.
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Fig. 3. Schematic of the telescope optics (A), and the detection module (B).

Once the system has been calibrated, the measurement process is
simple. Both devices are placed at their corresponding distances and
pointed to the white screen, and their measured spectra, Sy, (1) and
S¥ear(4), are acquired. After that, the devices are pointed to the black
screen and the difference between their measured spectra, S, (1) and,
Sbar(4), determines the background radiation during the measurement.
The main source of this background is the diffuse light present in the
plant. Finally, the atmospheric attenuation for the slant path at each
wavelength At;(1) and the solar-weighted atmospheric attenuation At
are obtained from the following expressions:

Als(ﬂ) =1 _Syar(l) — (‘;I);ztr(?i)_ S;)Vear(ﬂ)) K(ﬂ) =1 —Ts(ﬂ) (1)
At =1 / Y () Sun() )

Where T(4) is the transmittance at each wavelength, Sg,, (1) is the
solar spectral power distribution according to ASTM G173-03 standard,
A g and A ¢ are the limits of the considered wavelength range.
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The main problem of the atmospheric attenuation measurement is
that there is no standard to compare it to. Thus, it is not possible to
evaluate the accuracy of an atmospheric attenuation measurement sys-
tem, and when a global atmospheric attenuation value is reported, there
is no mean to be sure what has been really measured or to evaluate the
possible error in it. Our strategy is based on the analysis of the spectrum
and provides some advantages when compared to other techniques
reporting a single wavelength value or a broadband average.

First, the analysis of the measurements makes possible the assess-
ment of the stability of the system. When comparing the normalized
spectra measured by each device along consecutive days with similar
atmospheric conditions, the differences are within the estimated un-
certainty. This does not guarantee the accuracy of the global atmo-
spheric attenuation value, but it shows that the measurements are not
affected by any variance not attributable to atmospheric changes.

Second, since Aty(4) is measured at each wavelength, we can deter-
mine that there are no errors due to wavelength dependency or spectral
variations of the different factors that are involved in the measurement,
like sensor responsivity, screen reflectance or the diffuse light
background.

Third, the spectral analysis of the atmospheric attenuation allows us
to identify the presence and evaluate the magnitude of the different
possible causes of attenuation, such as absorbing molecules or scattering
particles.

And fourth, the determination of these magnitudes opens the way to
generate accurate models to calculate the atmospheric attenuation of the
radiation reflected by any heliostat of the solar plant, without inaccur-
acies due to dependence of the spectral attenuation with the heliostat-
tower distance.

3. Results

The results presented below were obtained at a commercial solar
plant along the winter of 2020-2021, a limiting season from a mea-
surement point of view due to low DNI values.

As an example, we show first in Fig. 4 the visible and IR spectra at
different hours along the same day, for both the Near and Far devices
(10:00 h, 11:00 h, 13:00 h, 15:00 h, and 16:30 h UMT + 1 on December
27, 2020). The evolution of the measured solar radiation intensity along
the day can be easily observed at each location, in accord with DNI
variations. In these measurements the background signal at the spec-
trometer has been subtracted and the linearity matrix applied. The
measurement interval is 5 nm in the VIS and 10 nm in the IR.

Integration times - indicated for each curve - vary from 52 ms to 285
ms in the visible range, depending on the available light intensity, while
they remain always at 4 s for the infrared. The saturation level of the
spectrometers is around 60.000 counts, but nonlinearity rises sharply
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Fig. 4. VIS and IR measured spectra at different hours of the same day for the Far and Near equipment. Time A-E series correspond to measurements and its
integration time recorded on December 27 at 10:00 h, 11:00 h, 13:00 h, 15:00 h, and 16:30 h UMT + 1 respectively.

above 50.000 counts. Therefore, we limit the integration time to obtain
a maximum value of 40.000 counts in the overall spectral range, so that
our measurements remain in the most linear range of the devices and, by
applying our previous calibration, we are able to achieve a stability
better than 0.5% in the measured intensity at each wavelength.

In the setup under evaluation and for simplicity, the measurement
uses the same integration time for every acquisition. This results in low
signal levels at the 875 nm-950 nm and 1300 nm-1400 nm wavelength
ranges where the water absorption peaks are also present. However, this
could be easily solved, if necessary, for example using larger integration
times for these ranges in the case of high precision molecular absorption
peak studies.

These intensity curves represent measured counts divided by inte-
gration time, and their data corresponds to the Sy, (1) and Sy,..(4),
values in Eq. (1). Note that, although these values are affected by the
spectral responsivity of the array sensors, the high dependence of the
responsivity with the wavelength has no impact on the calculations since
it is directly cancelled in Eq. (1).

For a better comparison and analysis of these spectra, we show in
Fig. 5 the curves normalized to their maximum values, which clearly
shows their evolution along the day. On one hand, for each device, we
can observe the variation due to the changes in the spectral solar irra-
diance with the sun elevation. The differences in the air mass traversed
by the radiation from the sun produce, for example, a well-known in-
crease of the red-to-blue ratio in the irradiance spectrum when the sun is
near the horizon.
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On the other hand, when comparing the evolution of the spectra
between devices, these changes are different and wavelength depen-
dent. As it is discussed later, there are mainly two contributions to these
differences: the spectral variations of the DNI attenuation with the slant
range along the day and the spectral variations of the diffuse light
background which affects to the Far device measurement. Note that only
this spectral measurement strategy provides the capacity to identify and
analyze the magnitude of these contributions to the atmospheric
attenuation measurement.

Prior to the analysis of these contributions, we will discuss the sta-
bility and accuracy of the system. In Fig. 6, we compare the normalized
spectra measured at the same hour of different days with similar sun and
weather conditions (November 19, 20 and 21, 2020). These curves show
very high repeatability - better than 0,5% - for each point of the spec-
trum in the overall wavelength range for both devices.

This is only an approximation of the stability of the system, since
there is not a controllable light source or atmospheric attenuation
standard to evaluate exactly this measurement once the equipment has
been installed. However, since we are comparing more than 200 points
at different wavelengths for each measurement, it can be considered a
good approximation. For example, this high stability allows us to
observe small differences in the spectra at the water absorption peaks, as
indicated in the charts. This is because, although solar and atmospheric
aerosol conditions were similar along the three days, there were small
variations in the air relative humidity (as indicated below) which are
observable here.
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Fig. 5. Normalized VIS and IR spectra measured at different hours of the same day for the Far and Near equipment. Time A-E series correspond to measurements and
its integration time recorded on December 27 at 10:00 h, 11:00 h, 13:00 h, 15:00 h, and 16:30 h UMT + 1 respectively.

The uncertainty of the atmospheric attenuation provided by the
system is caused by the effect of the uncertainty in the measurements
taken. By performing a propagation analysis on Egs. (1) and (2) we can
calculate its final value. Defining M(4) and its uncertainty, op(1):

S (A) B (S?*m(l) B Sllz/ear(l))

Opr = /Af [o-A’(ﬂ)'Ssun(/l) ]Z'd’l Q)

Ao

Assuming similar values for the different og};lfN(/l), as they are all

M(A) = & 3 measured using a similar procedure, and U;VF‘{’N 1)/ S}‘ff,(i) <0.005 (0.5%),
Near (1) this analysis shows that the uncertainty of the system for a single
wavelength over time remains 1% in real working conditions at a solar
2
- (a;'p(ﬂ) )2 N (ow))z N (o‘;N(z) )2 L (WIS — () = 51() ] @
Su(2) Su(d) Su(2) )

The uncertainty associated to the single wavelength atmospheric
attenuation, ca1(4), and for the solar weighted attenuation, 64, will be
determined by:

on(2) = \/ (ou(2)+K(2) )" + (0x(2)-M(2) )* 6]
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plant, in consonance with the laboratory tests (Sanchez et al., 2019).
Moreover, the global attenuation values may show much lower un-
certainties depending on the wavelength selection.

Note that, as there is no standard to compare to, this 1% cannot be
assumed as the accuracy of the absolute global atmospheric attenuation
values.

To calculate the atmospheric attenuation, it is necessary to consider
the background radiation and subtract its impact on the measured
spectra as indicated in Eq. (1). The background radiation is measured by
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pointing the two devices to the black screen. The signal on the Near
device, S, (1), is simply the small fraction of the sun radiation reflected
by the black screen, whereas the measurement from the Far device,
SB.(4), has two contributions: the radiation reflected by the black screen
and the diffuse light that exists in the field of view of the device. This
diffuse light has two sources, the direct sun radiation and the beams
reflected from the heliostat field, so its contribution varies along the day
and between days in both intensity and spectrum.

The analysis of the diffuse light due to the heliostat beams is essential
for an accurate measurement of the atmospheric attenuation value. As
an example, in Fig. 7a we show the VIS measured spectra with the black
screen one day at midday on December (integration time 500 ms). The
difference between the blue and red curves is the contribution of the
diffuse light. This contribution is in the order of 10% of the signals
measured with the white screen, shown in Fig. 4.

The spectrum of this diffuse light is different than the spectrum of the
radiation reflected on the white screen. This is evident in Fig. 7b, where
we show the normalized spectra measured at the same hour using the
black and white screens. Therefore, the relative contribution of the
diffuse light varies along the spectral range. Nevertheless, this has no
impact on our results, as Eq. (1) calculates the attenuation distinctly for
each wavelength.

Note that the Far device is located, in our case, close to the receptor,
at half the height of the tower. The impact of the background contri-
bution, if not corrected, will become larger the closer this device is to the
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Fig. 8. Atmospheric attenuation for a slant range of 850 m measured for five
different days (Date A-D) at the same time span.

1,0 5
0,9
0,8

E 0,7 4

I :

506749 -%

[0

= 0,5 /

3

N 0,4+

[o]

g 0,340,9 T T

2 400 450 500 = 550
029 gy 1 2 3 4 BZ;';
014 |Humidity (%) 52 = 61 54 51 ——Day3

Day 4
OYO T T T T T T T T T ay
400 500 600 700 800 900 1000 1100 1200 1300 1400

Lambda (nm)

Fig. 9. Normalized transmittance spectrum at the same hour on four different
days showing the H,O absorption peaks at 590 nm, 650 nm, 690-710 nm,
720-730 nm, 820 nm, 1100-1160 nm.

receptor location, as the density of beams from the heliostats increases.

By using the measured parameters S%,.(4), S¥,ur(4); Sbar(4)s Siear(2)
and the previously calibrated K(4), the atmospheric attenuation for the
slant path at each wavelength At;(A) and the solar-weighted atmospheric
attenuation At; are calculated using Egs. (1) and (2). As an example, we
show in Fig. 8 At; values on 5 different days on December at the same
hours. Due to confidentiality, neither hour nor day data are reported.

The results are in the range of those reported in the literature.
Measurement campaigns in Southern Spain (Ballestrin et al., 2019)
provide similar maximum and minimum monthly values in winter.
However, it is important to note that a real comparison would need
measurements from different measurement techniques at the same time
and location.

Fig. 9 shows the evolution of the measured transmittance spectrum.
Data is normalized to a reference measurement taken on December 27,
which was the day with the lowest registered relative humidity (44%).
This makes it possible to evaluate the changes in the presence on air of
different molecules and aerosol particles that cause the attenuation of
the reflected light in its way to the receptor and to estimate their impact.
The values in the 875 nm-950 nm and over 1300 nm ranges are not
presented as they lack precision due to the particular configuration of
the equipment (same integration time for any acquisition process).

The variation in the Rayleigh scattering caused by the difference in
the presence of aerosol particles can be appreciated in the inlet graph
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Fig. 10. MODTRAN simulation for two heliostats at different seasons (Winter
and Summer) for two different Slant Range (SR 200 m and SR 1500 m).

showing the 400 nm to 550 nm range. The spectral resolved measure-
ment shows also the evolution of the attenuation at the H20 absorption
peaks, which are clearly detected at their corresponding wavelengths,
over different days on December and January. There is good correlation
between the relative humidity data for the same time intervals obtained
from the Spanish Meteorological Agency AEMET (also shown on the
figure) and the size of these absorption peaks, showing that the con-
centration of water molecules in air, averaged over the slant range, can
be assessed using the spectra obtained from this setup.

The analysis of the different contributions to the attenuation spec-
trum opens the way to generate accurate models to evaluate the global
atmospheric attenuation in a CR-CSP plants (Elias et al., 2021; Franchini
et al., 2013; Mishra et al., 2020). This is especially relevant in real
scenarios where the spectral and seasonal dependence of the attenuation
is large, for example in desert areas.

As an example of this variability, Fig. 10 shows the spectral trans-
mittance of solar radiation reflected by heliostats calculated with
MODTRAN 6.0 for a location in the Arabian Desert. There are marked
differences in the transmittance as a function of both the slant range
(200 m and 1500 m) and season (Summer and Winter), due to the
different contributions of scattering and absorption processes by aerosol
particles and air molecules.

The transmittance is clearly wavelength dependent, but this depen-
dence varies with the slant range, due to the differences in the contri-
butions of scattering and absorption by aerosol particles and air
molecules. The spectral measurement allows to independently quantify
these contributions and, from this knowledge, to incorporate accurate
data into the proper model to calculate the atmospheric attenuation for
any heliostat of the plant. Finally, from the estimation of the attenuation
for each of the heliostats of the CR-CSP plant, it can also be calculated
the global solar energy reaching the receptor.

4. Conclusion

A new measurement strategy and system for the measurement of
atmospheric attenuation in solar plants is presented. It is based on the
measurement, at two different locations on the plant, of the VIS and IR
spectra of the sun radiation reflected by a white diffuser screen. This
system uses optical telescopes to make possible spectral measurements
with the wavelength resolution and intensity precision required.

With the spectral information acquired, we can calculate both the
atmospheric attenuation at each wavelength in the solar optical range
and the solar-weighted attenuation, without inaccuracies due to wave-
length dependencies of the different contributions to the measurement,
such as the atmospheric attenuation sources or the diffuse light
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background existing in the plant. Moreover, this data allows us to study
the different origins of the atmospheric attenuation with enough
wavelength resolution to identify molecular absorption bands — such as
those of the water - or the wavelength dependence of the scattering from
aerosol particles. The identification and quantification of these contri-
butions opens the way to generate accurate models to calculate the at-
mospheric attenuation of the radiation reflected by any heliostat of the
solar plant, including the dependence of the attenuation spectrum with
the distance. And, by integrating the attenuation for all the heliostats of
the solar plant, the global solar energy reaching the receptor can be
calculated.

The system has been set up and tested at PS10, a commercial solar
thermal power plant, with central receiver system at Sanlicar la Mayor
(Seville, Spain) owned by Atlantica Sustainable Infrastructure Plc. The
experimental results validate the measurement strategy and show its
advantages over previous methods.
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